Background. Human natural killer T (NKT) cells are known to serve as regulatory and/or effector cells in infectious diseases. However, little is known about the role of NKT cells in Orientia tsutsugamushi infection. Accordingly, the objective of this study was to examine the level and function of NKT cells in patients with scrub typhus.
Scrub typhus is a mite-borne zoonotic disease caused by Orientia tsutsugamushi, resulting in acute febrile illness and, in some cases, severe complications, including adult respiratory distress syndrome, acute renal failure, acute hepatic failure, and multiple organ dysfunction syndrome [1] . In endemic areas, which extend from northern Japan and far-eastern Russia in the north, to northern Australia in the south, and to Pakistan in the west, an estimated 1 million people are affected annually from this acute febrile illness [2, 3] . Recent studies have also reported scrub typhus in South America and Africa [4] . Thus, this disease poses a significant threat to public health worldwide. Although there are still many unresolved issues related to immunity in human scrub typhus, previous studies have implied that both innate and adaptive immune cells contribute to host defense against O. tsutsugamushi infection [5] . Our previous studies have shown that the frequency and function of innate immune cells in patients with scrub typhus also vary according to cell types, including circulating mucosal-associated invariant T cells and natural killer (NK) cells [6, 7] . In addition, levels of these innate cells reflect disease severity [6, 7] . Based on these findings, innate immune cells are likely to mediate and regulate human immune responses against O. tsutsugamushi infection.
Human natural killer T (NKT) cells are a distinct subset of T lymphocytes that express invariant Vα24-Jα18 T-cell receptor (TCR) chain paired with Vβ11 TCR chain. They recognize glycolipid antigens such as α-galactosylceramide (α-GalCer) presented by major histocompatibility complex (MHC) class I-like molecule CD1d as cognate antigen [8] . NKT cells rapidly produce a large amount of T helper type 1 (Th1) and Th2 cytokines and activate a variety of immune cells such as monocytes, dendritic cells, NK cells, T cells, and B cells. They act as a link between innate and adaptive immunity [9] . Thus, NKT cells are known to serve as regulatory and/or effector cells. They have been implicated in a broad range of diseases, including autoimmunity, cancer, and infectious diseases [10] .
In several bacterial, viral, protozoan-infected murine models, it has been demonstrated that NKT cells are activated via either direct or indirect contact with microbial antigens [11] . In a murine model of rickettsial infection, higher numbers of interleukin-17 (IL-17)-producing NKT cells have been found in the spleen, suggesting a connection between activated NKT cells and clinical manifestations of rickettsial disease [12] . In humans, there are several reports showing numerical and functional deficiency of NKT cells in Mycobacterium tuberculosis infection and chronic human immunodeficiency virus-1 (HIV-1) infection [13] [14] [15] . However, little is known about the role of NKT cells in O. tsutsugamushi infection. Accordingly, the objective of this study was to examine the level and function of NKT cells in patients with scrub typhus.
METHODS

Study Subjects
The study cohort comprised 62 patients with scrub typhus (33 women and 29 men; mean age ± SD, 70.2 ± 11.0 years) and 62 healthy controls (HCs; 30 women and 32 men; mean age ± SD, 64.8 ± 9.0 years). The diagnosis of scrub typhus was performed by detecting O. tsutsugamushi antibodies in patients' serum samples using passive hemagglutination assay kits, Genedia Tsutsu PHA II test kits (GreenCross SangA, Yongin, Korea). A positive result was defined as a titer of ≥ 1:80 in a single serum sample or at least a 4-fold rise in antibody titer at a follow-up examination, as described previously [6, 7] . According to the number of organ dysfunctions, scrub typhus was graded into severe (≥ 2 organ dysfunctions), moderate (1 organ dysfunction), and mild diseases (no organ dysfunction), as described previously [16] . Organ dysfunction was categorized into the following groups: (1) renal dysfunction, creatinine ≥ 2.5 mg/dL; (2) hepatic dysfunction, total bilirubin ≥ 2.5 mg/dL; (3) pulmonary dysfunction, bilateral pulmonary infiltration on chest x-rays with moderate to severe hypoxia (PaO 2 /FiO 2 < 300 mmHg or PaO 2 < 60 mmHg or SpO 2 < 90%); (4) cardiovascular dysfunction, systolic blood pressure < 80 mmHg despite fluid resuscitation; and (5) central nervous system dysfunction, significantly altered sensorium with Glasgow Coma Scale (GCS) of 8/15. All healthy controls were recruited in the Jeollanam-do area, from where the patients also came. HCs had no history of autoimmune disease, malignancy, chronic liver or renal disease, diabetes mellitus, or immunosuppressive therapy. The Institutional Review Board of Chonnam National University Hospital approved this study's protocol. All participants provided written informed consent in accordance with the Declaration of Helsinki.
Monoclonal Antibodies and Flow Cytometry
The following monoclonal antibodies (mAbs) and reagents were used in this study: fluorescein isothiocyanate (FITC)-conjugated anti-CD3, phycoerythrin (PE)-conjugated anti-6B11, PE-conjugated anti-interferon-γ (anti-IFN-γ), PE-conjugated anti-interleukin-4 (anti-IL-4), PE-conjugated anti-CD69, PE-conjugated anti-lymphocyte-activation gene 3 (anti-LAG-3), peridinin chlorophyll protein complex (PerCP)-conjugated anti-CD45, and PE-conjugated mouse IgG isotype control (all from Becton Dickinson, San Diego, CA); PE-conjugated anti-programmed death-1 (anti-PD-1; eBioscience, San Diego, CA); allophycocyanin (APC)-conjugated anti-6B11, and PerCP/Cy5.5-conjugated anti-T-cell immunoglobulin and mucin-3 (anti-TIM-3) mAbs (BioLegend, San Diego, CA). Cells were stained with a combination of appropriate mAb for 20 minutes at 4°C. Stained cells were analyzed on a Navios flow cytometer using Kaluza software (version 1.5a; Beckman Coulter, Brea, CA).
Isolation of Peripheral Blood Mononuclear Cells and the Identification of
NKT Cells
Peripheral venous blood samples were collected in heparin-containing tubes. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using FicollPaque Plus solution (Amersham Biosciences, Uppsala, Sweden). NKT cells were identified phenotypically as CD3 + 6B11 + cells by flow cytometry, as described previously [17] .
NKT Cell Proliferation Assay
Proliferative abilities of NKT cells were assayed by flow cytometry, as described previously [17] . Briefly, freshly isolated PBMCs were suspended in complete media supplemented with 10% fetal bovine serum (FBS; Gibco BRL), seeded into 24-well plate at density of 1 × 10 6 /well, and then cultured at 37°C for 7 days in a 5% CO 2 humidified incubator in the presence of IL-2 (100 IU/mL; BD PharMingen) and α-GalCer (100 ng/ mL; Alexis Biochemicals) or 0.1% dimethyl sulfoxide (DMSO) as control. Cells were harvested and stained with FITCconjugated anti-CD3, PE-conjugated anti-6B11, and PerCPconjugated anti-CD45 mAbs. Percentages of CD3 + 6B11 + NKT cells were determined by flow cytometry using a CD45/SSC gate. Proliferation index was defined as the value of the percentage of NKT cells (100 ng/mL α-GalCer) minus the percentage of NKT cells (0 ng/mL α-GalCer) on day 7 divided by the percentage of NKT cells on day 0, and was expressed as fold increase.
Intracellular Cytokine Staining
IFN-γ and IL-4 expression levels in NKT cells were detected by intracellular cytokine flow cytometry, as described previously [10] . Briefly, freshly isolated PBMCs (1 × 10 6 /well) were incubated in 1 mL complete media (RPMI 1640, 2 mM L -glutamine, 100 units/mL of penicillin, and 100 μg/mL of streptomycin) supplemented with 10% FBS for 2 hours in the presence of α-GalCer (100 ng/mL) or 0.1% DMSO as control. For intracellular cytokine staining, 1 μL of brefeldin A (GolgiPlug; BD Biosciences, San Diego, CA) for 1 mL of cell culture was added. After incubation for an additional 4 hours, cells were stained with FITC-conjugated anti-CD3 and APC-conjugated anti-6B11 mAbs at 4°C for 20 minutes, fixed in 4% paraformaldehyde at room temperature for 15 minutes, and permeabilized with Perm/Wash solution (BD Biosciences) for 10 minutes. Cells were then stained with PE-conjugated anti-IFN-γ and PE-conjugated anti-IL-4 mAbs at 4°C for 30 minutes and analyzed by flow cytometry.
All comparisons of percentages, absolute numbers, proliferation indices of NKT cells, and expression levels of IFN-γ and IL-4 in NKT cells were performed by analysis of covariance after adjusting for age and sex using Bonferroni correction for multiple comparisons. Mann-Whiney U test was used to compare expression levels of CD69, PD-1, LAG-3, and TIM-3 in NKT cells from scrub typhus patients versus age-and sex-matched HCs. Wilcoxon matched pairs signed rank test was used to compare changes in proliferation, cytokine production, and activation of NKT cells according to disease activity. P values of less than 0.05 were considered statistically significant. Statistical analysis and graphics were performed using SPSS version 18.0 software (SPSS Inc., Chicago, IL) and GraphPad Prism version 5.03 software (GraphPad Software, San Diego, CA), respectively.
RESULTS
Subject Characteristics
Clinical and laboratory characteristics of scrub typhus patients are summarized in Table 1 . A total of 62 scrub typhus patients were included in this study. According to disease severity based on the number of organ dysfunctions, 39 (62.9%), 13 (21.0%), and 10 (16.1%) patients had mild, moderate, and severe disease, respectively. Twenty-two patients were monitored longitudinally from active state (before antibiotic therapy) to remitted state (defined as resolution of all presenting symptoms after antibiotic therapy) for proliferation of NKT cells. Eleven of these 22 patients were available for monitoring cytokine production and activation of NKT cells.
Percentages and Numbers of Circulating NKT Cells in Scrub Typhus
Patients
Percentages and absolute numbers of NKT cells in peripheral blood samples of 62 scrub typhus patients and 62 HCs were determined by flow cytometry. Percentages of NKT cells among peripheral blood lymphocytes were calculated using a CD45/ SSC gate. Absolute numbers of NKT cells were calculated by multiplying NKT cell fractions by total lymphocyte numbers (per microliter of peripheral blood). Representative NKT cell percentages as determined by flow cytometry are shown in Figure 1A . Percentages and absolute numbers of circulating NKT cells were found to be comparable between scrub typhus patients and HCs ( Figure 1B and 1C ).
Impaired Proliferative Response of NKT Cells to α-GalCer in Scrub Typhus
Patients
To examine the proliferative effect of α-GalCer on NKT cells, PBMCs from 62 scrub typhus patients and 62 HCs were cocultured with α-GalCer for 7 days in the presence of 100 IU/mL of IL-2. Percentages of NKT cells and proliferation indices were evaluated by flow cytometry as described in Methods. NKT cells from HC subjects were markedly increased in response to α-GalCer from 0.24% on day 0 to 9.74% on day 7. In contrast, NKT cells from scrub typhus patients proliferated only slightly from 0.22% on day 0 to 2.35% on day 7 (Figure 2A ). Overall proliferation indices were significantly lower in scrub typhus patients than in HCs (median 0.67 versus 20.1, P < .005; Figure 2B ). IL-4 in NKT cell populations were examined at single-cell level by intracellular flow cytometry ( Figure 3A) . Percentages of IFN-γ + and IL-4 + NKT cells were found to be significantly lower in scrub typhus patients than in HCs (for IFN-γ + cells, median 3.45% versus 14.2%, P < .05; for IL-4 + cells, median 2.43% versus 8.5%, P < .05; Figure 3B ).
Activation of NKT Cells in Scrub Typhus Patients
Inhibitory receptors, such as PD-1, LAG-3, and TIM-3, are known to deliver inhibitory signals that can balance T-cell over-activation, thereby accompanying CD69 expression [18, 19] .
Moreover, it has been reported that coexpression of these multiple inhibitory receptors has a close association with anergy or exhaustion [19] . To determine whether NKT cells were activated during infection by O. tsutsugamushi, expression levels of CD69 in circulating NKT cells from 14 scrub typhus patients and 12 HCs were determined by flow cytometry. Percentages of CD69 + NKT cells were significantly higher in scrub typhus patients than in HCs (median 42.7% versus 10.3%, P < .0005; Figure 4A and 4B). To determine whether NKT cell dysfunction might be related to anergy or exhaustion, we next examined expression levels of PD-1, LAG-3, and TIM-3. Percentages of PD-1 + , LAG-3 + , and TIM-3 + NKT cells were significantly higher in scrub typhus patients compared to those in HCs (for PD-1 + cells, median 26.1% versus 5.07%, P < .05; for LAG-3 + cells, median 20.5% versus 1.03%, P < .0005; and for TIM-3 + cells, median 8.71% versus 2.16%, P < .05; Figure 4C -H). of activation markers were increased in scrub typhus patients, we investigated whether changes in proliferation, cytokine production, and activation of NKT cells were related to disease activity. Active and remission phases were defined as the period from the onset of symptoms to the start of antibiotic therapy on admission and the resolution of all presenting symptoms of scrub typhus after antibiotic treatment, respectively, based on the definition of a previous study [20] . Twenty-two patients were included in the follow-up examination of NKT cell proliferation and 11 of these were available for examination of NKT cell cytokine production and activation. Proliferative indices of NKT cells and percentages of IL-4-producing NKT cells were found to be greater when the disease was in remission than when the disease was active (for proliferative indices, median 3.9 versus 0.4, P < .005; for percentages of IL-4 + cells, median 4.1% versus 2.4%, P < .05; Figure 5A and 5C). Percentages of CD69 + , PD-1 + , LAG-3 + , and TIM-3 + NKT cells were significantly reduced in remission compared to active state (for CD69 + cells, median 20.9% versus 51.3%, P < .005; for PD-1 + cells, median 7.1% versus 20.2%, P < .005; for LAG-3 + cells, median 2.7% versus 23.5%, P < .005; for TIM-3 + cells, median 3.8% versus 9.4%, P < .05; Figure 5D -G). However, no significant changes in IFN-γ + NKT cell levels according to disease activity were found ( Figure 5B ).
DISCUSSION
To the best of our knowledge, this is the first study that measured the level and function of NKT cells in patients with scrub typhus. In the present study, we found that percentages and numbers of circulating NKT cells were comparable between patients and HCs. However, the proliferation and cytokine production (ie, IFN-γ and IL-4) of NKT cells were found to be markedly suppressed in patients compared to HCs. We also observed that expression levels of CD69, PD-1, LAG-3, and TIM-3 in NKT cells were significantly increased in patients with scrub typhus. Elevated expression of CD69, PD-1, LAG-3, and TIM-3, impaired proliferation, and decreased IL-4 production by NKT cells were recovered in the remission phase. Taken together, these findings indicate that NKT cells might be rapidly activated and susceptible to anergy or exhaustion following O. tsutsugamushi infection.
Peripheral blood NKT cell levels may vary according to the type of infectious microorganisms or diseases. Circulating NKT cell numbers have been found to be decreased in systemic lupus erythematous, adult-onset Still disease, tuberculosis, and advanced HIV-1 infection [13, 15, 17, 21, 22] , while NKT cell levels are increased in primary Sjögren syndrome despite their decreased proliferative capacity [23] . In a murine infection model, spleen NKT cells were expanded following rickettsial infection [12] . However, circulating NKT cell levels were preserved in the present study, in agreement with other previous studies [24] [25] [26] .
Our study revealed that proliferation and cytokine production of circulating NKT cells in response to α-GalCer were suppressed in patients with scrub typhus. This hyporesponsiveness of NKT cells has also been reported in patients with M. tuberculosis and HIV-1 infections [13, 15] . These phenomena are also supported by in vivo murine studies using a variety of bacterial microorganisms, including Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, M. bovis, and Rickettsia conorii [12, [27] [28] [29] . Taken together, these findings suggest that such characteristic hyporesponsiveness of NKT cells might be a major mechanism of terminating their innate immune responses under many infectious conditions.
Our data showed that expression levels of CD69, a known early activation marker, were markedly upregulated in NKT cells of patients with scrub typhus, suggesting that O. tsutsugamushi infection might induce the activation of NKT cells. This is in line with previous studies using in vivo murine infection models demonstrating that NKT cells are activated in response to a vast variety of infectious agents, including gram-positive bacteria, gram-negative bacteria, mycobacteria, and spirochetes [27] [28] [29] [30] . Possible mechanisms for infection-induced NKT cell activation can be divided into 2 different pathways: direct activation (microbial-antigen mediated) and indirect activation (cytokine mediated, endogenous-antigen mediate, or a combination) [30] . A further study is needed to determine possible activation pathways of NKT cells in response to O. tsutsugamushi.
The present study demonstrated that expression levels of PD-1, LAG-3, and TIM-3 were all markedly upregulated in NKT cells following infection by O. tsutsugamushi. This finding is consistent with a previous study showing that expression levels of PD-1 and TIM-3 are increased in NKT cells of patients with chronic hepatitis B virus (HBV) infection [31] . In addition, upregulated PD-1 expression in M. tuberculosis and HIV infections has been reported [13, 15] . Moreover, blockade of inhibitory receptors, such as PD-1 and/or TIM-3, can lead to recovery of NKT cell functions (ie, cytokine production or proliferation) in HBV and M. tuberculosis infections [13, 31, 32] . LAG-3 is known to be related to regulation of NKT cell proliferation [33] . Taken together, these findings suggest that upregulated coexpression of multiple inhibitory receptors might play important roles in the hyporesponsiveness of NKT cells following O. tsutsugamushi infection.
Our interesting and novel observation concerned the dynamics of NKT cell responses (ie, from activation to recovery of NKT cells) during the infection course of O. tsutsugamushi. Despite minimal recovery of IFN-γ production, impaired proliferation and IL-4 production of circulating NKT cells in patients were found to be recovered during the remission phase after antibiotic therapy for scrub typhus. Moreover, the recovery of NKT cell function was accompanied by decreased expression of PD-1, LAG-3, and TIM-3. One possible explanation for such dynamic changes is that NKT cells are rapidly activated to release cytokines after O. tsutsugamushi infection. NKT cell proliferation is then stopped through upregulation of their multiple inhibitory receptors. A reduction in bacterial burden by antibiotic therapy might have led to the recovery of NKT cell function via downregulation of multiple inhibitory receptors. Another possibility is that new thymic or tissue-resident NKT cell emigrants might fill in the circulating pool of NKT cells reduced by apoptotic contraction. These explanations have also been addressed in other reports on chronic HBV infection or murine models after infection by M. bovis bacillus CalmetteGuerin (BCG) and L. monocytogenes [27, 28, 31] .
In summary, results of the present study demonstrate that circulating NKT cells are numerically preserved but functionally impaired in patients with scrub typhus. NKT cell dysfunction was found to be related to upregulation of multiple inhibitory receptors. These findings provide important insights into the dynamics of NKT cell responses in mediating and regulating human immune responses against O. tsutsugamushi infection. 
